The present study investigated whether thrombin, a potent microglial activator, can induce reactive oxygen species (ROS) generation through activation of microglial NADPH oxidase and if this may contribute to oxidative damage and consequent neurodegeneration. Seven days after intrahippocampal injection of thrombin, Nissl staining and immunohistochemistry using the neuronal-specific nuclear protein NeuN revealed a significant loss in hippocampal CA1 neurons. In parallel, thrombin-activated microglia, assessed by OX-42 and OX-6 immunohistochemistry, and ROS production, assessed by hydroethidine histochemistry, were observed in the hippocampal CA1 area in which degeneration of hippocampal neurons occurred. 
Introduction
Growing evidence suggests that microvascular damage is involved in neuropathogenesis of Alzheimer's disease (AD) (Grammas, 2000; Borroni et al., 2002) . AD patients may have increased blood-brain barrier (BBB) permeability, resulting in increased serum protein accumulation within the brain extracellular space, suggesting that certain blood-derived factors are capable of inducing various pathophysiological responses (Wardlaw et al., 2003) .
Among blood-derived factors, thrombin is elevated, whereas the activity of thrombin inhibitor, protease nexin I, is sharply reduced in AD brains (Choi et al., 1995; Berzin et al., 2000) . A correlation between the incidence of head trauma and the occurrence of AD also has indicated that physical injury to the BBB may exacerbate the onset of the disease through thrombin activation and accumulation in the brain (Uryu et al., 2002) . In addition, thrombin induces cell death in hippocampal neurons (Donovan et al., 1997; Striggow et al., 2000) . Although plasma prothrombin is the primary source of increased thrombin levels in the brain, prothrombin mRNA transcripts and local production of thrombin and its receptors in response to injury have been reported in rat, mouse, and human brain, including the hippocampus (Weinstein et al., 1995; Beilin et al., 2001) . Collectively, these observations indicate that thrombin may act as an endogenous neurotoxin, leading to the hippocampal neurodegeneration that occurs in neurodegenerative diseases such as AD. This hypothesis is supported by recent results showing that thrombin-induced neurotoxicity in rat hippocampus is associated with cognitive deficits (Mhatre et al., 2004) .
Thrombin-induced neurotoxicity is mediated by microglial activation and consequent production of toxic and inflammatory mediators (Carreño-Müller et al., 2003; Choi et al., 2003a) . A number of studies have demonstrated that microglial activation is found in the brains of AD patients (Benveniste et al., 2001 ) and in the hippocampus of animal models of AD caused by administration of ␤-amyloid (Stepanichev et al., 2003) .
It has been demonstrated that activated microglia produce reactive oxygen species (ROS) such as superoxide (O 2 O 2 Ϫ -derived oxidants, which may induce or exacerbate neurotoxicity by causing oxidative stress to neurons (Parvathenani et al., 2003; Wu et al., 2003) . These studies also showed that ROS production was attributable to activation of microglial NADPH oxidase. Regarding this, several studies have demonstrated that brains of AD patients show evidence of oxidative stress, including oxidative modifications to proteins (Hensley et al., 1995) , lipids (Palmer and Burns, 1994) , and DNA (Mecocci et al., 1993) . Collectively, these observations suggest that NADPH oxidasemediated oxidative stress, possibly originating from activated microglia, contributes to the neurodegeneration that occurs in AD (Zekry et al., 2003) . This hypothesis is strongly supported by the finding that, in the brain of AD patients, microglial NADPH oxidase is activated, resulting in the formation of ROS (Shimohama et al., 2000) . Also, ␤-amyloid, the major component of the senile plaques in AD, activates NADPH oxidase in cultured rat microglia, leading to production of ROS (Qin et al., 2002) .
NADPH oxidase is composed of cytosolic subunits (gp40 phox , p47 phox , p67 phox , and GTP-binding protein P21-Rac1) and membrane subunits (gp91 phox and gp22 phox ) (Cross and Segal, 2004) . When microglia are activated, the entire cytosolic complex is translocated to the membrane, in which it assembles with the membrane-associated proteins and becomes activated. This activated NADPH oxidase is capable of producing O 2 Ϫ , which is rapidly converted to O 2 Ϫ -derived oxidants, including hydrogen peroxide (H 2 O 2 ), hydroxyl radicals, and peroxynitrite (Patel et al., 2005) , which eventually lead to neurodegeneration.
The present study examines whether microglial NADPH oxidase could be activated by thrombin in the rat hippocampus in vivo and whether NADPH oxidase-derived ROS participate in thrombininduced degeneration of hippocampal neurons in vivo.
Materials and Methods
Stereotaxic surgery and drug injection. All experiments were performed in accordance with approved animal protocols and guidelines established by Ajou University. Female Sprague Dawley (SD) rats (260 -280 g) were anesthetized by injection of chloral hydrate (360 mg/kg, i.p.) and positioned in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). A midline sagittal incision was made in the scalp, and holes were drilled in the skull over the lateral ventricles and dorsal hippocampus using the following coordinates: 0.8 mm posterior to bregma and 1.5 mm lateral to the midline for intracerebroventricular injections; and 3.8 mm posterior to bregma and 2.0 mm lateral to the midline for intrahippocampal injections according to the atlas of Paxinos and Watson (1998) . The hole of the tip was directed vertically down to 3.6 mm beneath the surface of the brain for the ventricles and to 2.5 mm for the hippocampus. All injections were made using a Hamilton syringe equipped with a 26S gauge beveled needle and attached to a syringe pump (KDScientific, New Hope, PA). Infusions were made at a rate of 0.2 l/min for thrombin (20 U in 4 l of sterile PBS; Sigma, St. Louis, MO) and 0.5 l/min for diphenylene iodonium (DPI) (100 M in 20 l of sterile saline; Calbiochem, La Jolla, CA) and for vehicle [PBS or bovine serum albumin (BSA) (200 g in 4 l of sterile saline) as controls]. Because PBS had the same effects as BSA, the data of PBS were used as controls in the current study. Thrombin was essentially free from other known activated factors such as lipopolysaccharide (LPS), determined by LPS blocker plymyxin B (Lee et al., 2005) , as well as from plasminogen and plasmin (information from the manufacturer).
Tissue preparation and immunohistochemistry. Animals were anesthetized with chloral hydrate (360 mg/kg, i.p.) at the indicated time points after injection and transcardially perfused with saline solution containing 0.5% sodium nitrate and heparin (10 U/ml), followed by fixation with 4% paraformaldehyde dissolved in 0.1 M phosphate buffer (PB). Brains were removed from the skull, postfixed overnight at 4°C in buffered 4% paraformaldehyde, and stored at 4°C in 30% sucrose solution until they sank. Brains were frozen sectioned using a sliding microtome into 40 m coronal sections and collected in six separate series. Immunohistochemistry was performed using the avidin-biotin staining technique as described previously (Choi et al., 2003a,b) . Briefly, free-floating serial sections were rinsed three times for 10 min in PBS and then pretreated for 5 min at room temperature (RT) in PBS containing 1% H 2 O 2 . Sections were then rinsed in PBS containing 0.3% Triton X-100 and 0.5% BSA and then preincubated for 1 h at RT in PBS containing 0.5% BSA. Next, the sections were incubated overnight with gentle shaking at RT with PBS containing 0.5% BSA and the following monoclonal primary antibodies: OX-42 (1:200; Serotec, Oxford, UK), which recognizes complement receptor 3; OX-6 (1:200; BD Biosciences, San Diego, CA), which recognizes major histocompatibility complex class II antigens and stains microglia; and the neuronal-specific nuclear protein NeuN (1:200; Serotec) as a general stain for neurons. Sections were then rinsed in PBS and incubated for 1 h at RT in 1:200 biotin-conjugated anti-mouse antibody in PBS containing 0.5% BSA. Sections were rinsed again and incubated for 1 h at RT in avidin-biotin complex solution (Vector Laboratories, Burlingame, CA). After rinsing three times in PBS, the signal was detected by incubating sections in 0.5 mg/ml 3,3Ј diaminobenzidine in PB containing 0.003% H 2 O 2 . Sections were then rinsed in PBS, mounted on gelatin-coated slides, and viewed under a bright-field microscope (Olympus Optical, Tokyo, Japan). For Nissl staining, some of the hippocampus tissue was mounted on gelatin-coated slides, dried for 1 h at RT, stained with 0.5% cresyl violet (Sigma), dehydrated, coverslipped, and then analyzed under a bright-field microscope (Olympus Optical).
Double-immunofluorescence staining. For immunofluorescence staining, sections were processed as described previously (Choi et al., 2003a) . Briefly, sections were mounted on gelatin-coated slides, dried for 1 h at RT, and washed twice in PBS. Slides were incubated for 30 min in PBS containing 0.2% Triton X-100. After blocking with 0.5% BSA, slides were incubated overnight at 4°C with antibodies selective for inducible nitric oxide (iNOS) (1:200; Upstate Biotechnology, Lake Placid, NY) and OX-42 (1:100; Serotec). After thorough rinsing in PBS, slides were covered for 1 h at RT with a mixture of FITC-conjugated anti-mouse IgG (1:100; Vector Laboratories) and Texas Red-conjugated anti-rabbit IgG (1:100; Vector Laboratories). Slides were also incubated overnight at 4°C with anti-p67 phox antibody (1:200; BD Biosciences) and then exposed for 1 h at RT to fluorescein-conjugated lycopersicon esculentum (tomato) lectin (1:200; Vector Laboratories) and Texas Red-conjugated goat antimouse IgG (1:100; Vector Laboratories). Slides were then rinsed three times with PBS, coverslipped with Vectashield medium (Vector Laboratories), and analyzed using a confocal microscope (Olympus Optical).
Reverse transcription-PCR. Brain tissues from the ipsilateral hippocampus were dissected at the indicated time points after thrombin or PBS injection, and total RNA was extracted in a single step using RNAzol B (Tel-Test, Friendswood, TX) following the instructions of the manufacturer. Total RNA was reverse transcribed into cDNA using Superscript II reverse transcriptase (Invitrogen, Rockville, MD) and random primers (Promega, Madison, WI). The primer sequences used in this study were as follows: 5Ј-TGA TGT TCC CAT TAG ACA GC-3Ј (forward) and 5Ј-GAG GTG CTG ATG TAC CAG TT-3Ј (reverse) for interleukin-1␤ (IL-1␤); 5Ј-AAA ATC TGC TCT GGT CTT CTG G-3Ј (forward) and 5Ј-GGT TTG CCG AGT AGA CCT CA-3Ј (reverse) for interleukin-6 (IL-6); 5Ј-GTA GCC CAC GTC GTA GCA AA-3Ј (forward) and 5Ј-CCC TTC TCC AGC TGG GAG AC-3Ј (reverse) for tumor necrosis factor-␣ (TNF-␣); 5Ј-GCA GAA TGT GAC CAT CAT GG-3Ј (forward) and 5Ј-ACA ACC TTG GTG TTG AAG GC-3Ј (reverse) for iNOS; and 5Ј-TCCCTC AAG ATT GTC AGC AA-3Ј (forward) and 5Ј-AGA TCC ACA ACG GAT ACA TT-3Ј (reverse) for glyceraldehyde phosphate dehydrogenase. The PCR amplification consisted of 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s (for IL-1␤, TNF-␣, and iNOS) or 60°C for 30 s (for IL-6), and extension at 72°C for 90 s. PCR products were separated by electrophoresis on 1.5% agarose gels, after which the gels were stained with ethidium bromide and photographed. For semiquantitative analyses, the photographs were scanned using the Computer Imaging Device and accompanying software (Fujifilm, Tokyo, Japan) .
Western blot analysis. Brain tissues from the ipsilateral hippocampus were dissected and homogenized in ice-cold lysis buffer containing the following (in mM): 20 Tris-HCl, pH 7.5, 1 EDTA, 5 MgCl 2 , 1 dithiothre-itol, 0.1 phenylmethylsulfonyl fluoride, and protease inhibitor mixture (Sigma). The tissue homogenates was centrifuged at 4°C for 20 min at 14,000 ϫ g, and the supernatant was transferred to a fresh tube. The extracts were frozen and kept at Ϫ80°C. For subcellular fractionation, protein extracts of both the cytosolic and membrane factions were prepared from the ipsilateral hippocampus at the indicated time points after thrombin injection. Tissues were gently homogenized using a glass homogenizer in ice-cold buffer consisting of the following (in mM): 20 HEPES, 250 sucrose, 10 KCl, 1.5 MgCl 2 , 2 EDTA, and protease inhibitor mixture (Sigma). Homogenates were centrifuged for 5 min at 500 ϫ g at 4°C, and supernatants were collected and centrifuged for 20 min at 13,000 ϫ g at 4°C. The pellets were further centrifuged for 1 h at 100,000 ϫ g at 4°C, and the resulting supernatants and pellets were designated as the cytosolic and membrane fractions, respectively. Equal amounts of protein (50 g) were mixed with loading buffer (0.125 M Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 10% mercaptoethanol, and 0.002% bromophenol blue), boiled for 5 min, and separated by SDS-PAGE. After electrophoresis, proteins were transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA) using an electrophoretic transfer system (Bio-Rad, Hercules, CA). The membranes were washed with Tris-buffered saline solution containing 2.5 mM EDTA (TNE) and then blocked for 1 h in TNE containing 5% skim milk. The membranes were then incubated overnight at 4°C with one of the following the specific primary antibodies: rabbit anti-iNOS (1:1000; Upstate Biotechnology), mouse anti-Rac1 (1:5000; Upstate Biotechnology), mouse antip67 phox (1:500; BD Biosciences), rabbit anti-p47 phox (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), and mouse anti-gp91 phox (1:500; BD Biosciences). After washing, the membranes were incubated for 1 h at RT with secondary antibodies (1:2000; Amersham Biosciences, Arlington Heights, IL) and washed again. Finally, the blots were developed with enhanced chemiluminescence detection reagents (Amersham Biosciences). The blots were reprobed with antibodies against actin (1:2000; Santa Cruz Biotechnology). To determine the relative degree of membrane purification, the membrane fraction was subjected to immunoblotting for calnexin, a membrane marker, using a rabbit polyclonal antibody against calnexin (1:1000; Stressgen, Victoria, British Columbia, Canada). For semiquantitative analyses, the densities of bands on immunoblots were measured with the Computer Imaging Device and accompanying software (Fujifilm).
In situ detection of O 2 Ϫ and O 2 Ϫ -derived oxidants. Hydroethidine histochemistry was performed for in situ visualization of O 2 Ϫ and O 2 Ϫ -derived oxidants (Wu et al., 2003) . Twenty-four hours after thrombin injection, hydroethidine (1 mg/ml in PBS containing 1% dimethylsulfoxide; Molecular Probes, Eugene, OR) was administered intraperitoneally. After 15 min, the animals were transcardially perfused with a saline solution containing 0.5% sodium nitrate and heparin (10 U/ml) and then fixed with 4% paraformaldehyde in 0.1 M PB. After fixation, the brains were cut into 40 m slices using a sliding microtome. Sections were mounted on gelatin-coated slides, and the oxidized hydroethidine product, ethidium, was examined by confocal microscopy (Olympus Optical).
Detection of protein oxidation. The extent of protein oxidation was assessed by measuring protein carbonyl levels with an OxyBlot protein oxidation detection kit (Chemicon, Temecula, CA) according to the protocol of the manufacturer with some modifications (Singhal et al., 2002) . Protein samples were prepared from rat brains harvested 48 h after injection with thrombin in the absence or presence of DPI (100 M, i.c.v.) or trolox (50 mg/kg, i.p.). Subsequently, protein samples (15 g) were mixed in a microcentrifuge tube with 5 l of 12% SDS and 10 l of 1ϫ 2,4-dinitrophenylhydrazine (DNPH) solution. Ten microliters of 1ϫ neutralization solution (a kit component) was added instead of the DNPH solution as the negative control. Tubes were incubated at RT for 15 min and then mixed with 7.5 l of neutralization solution. Next, the samples were mixed in equal volumes of SDS sample buffer and separated by SDS-PAGE. After electrophoresis, proteins were transferred to polyvinylidene difluoride membranes (Millipore). The membranes were then blocked for 1 h at RT in Tris-buffered saline containing 0.1% Tween 20 and 1% BSA. Membranes were incubated overnight at RT with the anti-DNPH antibody (1:150) and then incubated at RT for 1 h with secondary antibodies (1:300). Blots were developed using enhanced chemiluminescence reagents (Amersham Biosciences). Proteins that underwent oxidative modification (i.e., carbonyl group formation) were identified as a band in the samples derivatized with DNPH. The optical density of the bands was measured using the Computer Imaging Device and accompanying software (Fujifilm). Levels of protein carbonyls were quantified and expressed as the fold increase versus untreated controls.
Counting of hippocampal CA1 neurons. The number of CA1 neurons was assessed at three levels of the dorsal hippocampus. Specifically, alternate sections were obtained at 3.3, 3.6, 4.16, and 4.3 mm posterior to the bregma, and two regions from each level (n ϭ 8 regions for each animal) were used to count cells in the CA1 region. The number of neurons within the CA1 layer was counted using a light microscope (Olympus Optical) at a magnification of 400ϫ and expressed as the number of CA1 neurons per millimeter of linear length as described previously with some modifications (Candelario-Jalil et al., 2003) . To maintain consistency across animals, a rectangular box (0.5 ϫ 0.05 mm) was centered over the CA1 cell layer beginning 1.5 mm lateral to the midline. Only neurons with normal visible nuclei were counted. The mean number of CA1 neurons per millimeter for both hemispheres was calculated for each treatment group.
Glial cultures. Microglia were cultured from the cerebral cortices as described previously (Shin et al., 2004) . Briefly, cerebral cortices were isolated from postnatal day 1 SD rats, and meninges and blood vessels were removed. Cortices were minced, and cells were dissociated for 30 min at 25°C in PBS containing 0.25% trypsin and 1 mM EDTA. Digestion was terminated by adding an equal volume of MEM containing 10% fetal bovine serum (FBS) (HyClone, Logan, UT), and cells were triturated to obtain a single cell suspension. Cells were grown for 2 weeks in 75 cm 2 T-flasks (0.5 hemisphere per flask). The microglia were then detached from the flasks by mild shaking and filtered through a nylon mesh to remove astrocytes and clumped cells. Cells were plated into 24-well plates (1 ϫ 10 5 cells per well) or 35 mm culture dishes (5 ϫ 10 5 cells per well). After 1 h, the culture medium was changed to MEM containing 5% FBS. Primary astrocytes were cultured from the cerebral cortices of postnatal day 1 SD rats as described previously (Shin et al., 2004) . Briefly, the cortices were triturated into single cells in MEM containing 10% FBS and grown for 2 weeks in 75 cm 2 T-flasks (0.5 hemisphere per flask). To prepare pure astrocytes, microglia were detached by mild shaking, and the cells remaining in the flask were harvested with 0.1% trypsin. Astrocytes were plated in a 24-well plate and cultured in MEM supplemented with 5% FBS.
Determination of O 2 Ϫ production. Intracellular production of O 2 Ϫ was assayed by the reduction of nitroblue tetrazolium (Calbiochem) as described previously with some modifications (McDonald et al., 1997) . Microglia-enriched cultures in 24-well plates were treated with thrombin (40 U/ml). After 12 h, nitroblue tetrazolium (1 mg/ml) was added, and the cells were incubated for 60 min. After treatment, microscopic examination verified the generation of insoluble formazan as dark purple granules. The medium was removed, and the formazan was dissolved in dimethylsulfoxide. The lysate was transferred to a 96-well plate, and the absorbance at 570 nm was measured with a spectrophotometer. To determine the effect of NADPH oxidase inhibitor on O 2 Ϫ production, cultures were preincubated with vehicle or DPI (0.1-5 M) for 1 h before the addition of thrombin.
Statistical analysis. All values are expressed as mean Ϯ SEM. Statistical significance ( p Ͻ 0.05 for all analyses) was assessed by ANOVA using Instat 3.05 (GraphPad Software, San Diego, CA), followed by StudentNewman-Keuls analyses.
Results

Thrombin induces neurodegeneration and microglial activation in the hippocampus
Thrombin (20 U) or vehicle (PBS) as a control was unilaterally injected into the CA1 layer of the rat hippocampus. Seven days later, brains were removed and coronal sections were processed for immunohistochemistry. Neurons were labeled with an antibody against a nuclear protein (NeuN) that is expressed in the nuclei of neurons. Compared with PBS-treated CA1 layer of the hippocampus (Fig. 1 A) , there was a significant loss of NeuNimmunopositive neurons in the thrombin-treated CA1 layer of hippocampus (Fig. 1 B) . Thrombin-induced neurodegeneration was further confirmed by staining for Nissl substance using sections adjacent to those used for NeuN immunostaining. Consistent with the results of NeuN immunostaining, there was a dramatic reduction of Nissl-stained cells in the CA1 area of the hippocampus in thrombin-treated animals ( Fig. 1 D) compared with PBS-treated animals (Fig. 1C) .
Recent findings, including ours, have indicated that thrombin activates rat microglia in culture (Möller et al., 2000; Ryu et al., 2000; Suo et al., 2002) and in the substantia nigra in vivo (Carreño-Müller et al., 2003; Choi et al., 2003a) . This leads to an increased production of proinflammatory cytokines, iNOS, and NO, which have been proposed to play a pathological role in several neurodegenerative disorders, including AD (Akiyama et al., 2000; Benveniste et al., 2001 ). In the current study, we examined the activation of microglia in the CA1 area of the hippocampus after thrombin injection in vivo. Rat brain sections were obtained 24 h after thrombin injection and immunostained with OX-42 and OX-6 antibodies, which recognize complement receptor 3 and major histocompatibility complex II, respectively. In PBS-injected CA1 layer of the hippocampus, OX-42-immunopositive microglia exhibited the typical ramified morphology of resting microglia (Fig. 2 A, a) . In contrast, in the thrombin-injected hippocampus, the majority of OX-42-immunopositive microglia displayed an activated morphology, including larger cell bodies with short, thick, or no processes (Fig.  2 B, b) . Similar patterns were observed for OX-6 immunohistochemical staining, which was performed on sections adjacent to those used for OX-42 immunostaining. These results show that thrombin treatment caused the appearance of many OX-6-immunopositive cells in the CA1 layer of the hippocampus (Fig.  2 D, d) , in which hippocampal neurons were degenerated (Fig. 1) . However, OX-6-immunopositive cells were not observed in PBStreated controls (Fig. 2C,c) .
Because these results indicate that thrombin induces neurotoxicity and microglial activation, we further investigated whether intrahippocampal injection of thrombin produced microglia-derived iNOS and proinflammatory cytokines (IL-1␤, IL-6, and TNF-␣). Reverse transcription-PCR analysis showed a significant induction in the expression of mRNAs for IL-1␤, IL-6, and TNF-␣ (Fig. 3A) as well as iNOS (Fig. 3B ) as early as 4 h after thrombin injection. Western blot analysis also showed that thrombin enhanced the expression of iNOS protein, with maximal levels attained 12 h after injection, followed by a return to normal levels 48 h after injection (Fig. 3C) . For the identification of cell types expressing iNOS protein, we performed doubleimmunofluorescent staining with a combination of antibodies against iNOS and OX-42 in hippocampal sections obtained 12 h after thrombin injection. Simultaneous imaging of immunofluorescence on the same tissue sections revealed that iNOS immunoreactivity was localized within OX-42-immunopositive microglia (Fig. 3D) .
Thrombin induces the NADPH oxidase-mediated production of ROS by activated microglia in the hippocampus
Recent studies have suggested that activated microglia produce O 2 Ϫ and O 2 Ϫ -derived oxidants (Bal-Price et al., 2002; Parvathenani et al., 2003) . These ROS can lead to in vivo and in vitro degeneration of dopaminergic neurons (Gao et al., 2003a,b; Wu et al., 2003; Zhang et al., 2004) and developing Purkinje cells (Marín-Teva et al., 2004) . Thus, we investigated whether thrombin-activated microglia produced ROS in the hippocampus in vivo. To examine this possibility, we performed in situ analysis of ROS production by hydroethidine histochemistry (Wu et al., 2003) . The fluorescent products of oxidized hydroethidine (ethidium; red fluorescence) were increased significantly 48 h after thrombin injection (Fig. 4 A, bottom) compared with PBS-injected controls (Fig. 4 A, top) . Importantly, thrombin-induced ethidium accumulation was predominantly present in the CA1 layer of the hippocampus, in which neurodegeneration ( Fig. 1 ) and microglial activation (Fig. 2) were observed.
Recent studies have demonstrated that NADPH oxidase is a significant source of ROS during inflammation (Bal-Price et al., 2002; Gao et al., 2003a,b; Parvathenani et al., 2003; Wu et al., 2003; Zhang et al., 2004) . We therefore investigated whether thrombin-induced ROS production was mediated by activation of the microglial NADPH oxidase in the hippocampus in vivo. Western blotting showed that, compared with nontreated (0 h) or PBS-treated (4 h after injection) controls, thrombin caused a significant and time-dependent upregulation of the total levels of gp91 phox , p47 phox , and p67 phox proteins (Fig. 4 B, C) . Although expression of p47 phox and p67 phox proteins was maintained up to 96 h after thrombin injection, gp91 phox protein expression returned to normal levels 24 h after thrombin injection.
The translocation of NADPH oxidase subunits from the cytosol to the plasma membrane indicates activation of NADPH oxidase, which leads to ROS production (Babior, 1999; Cross and Segal, 2004) . For this reason, tissue samples isolated at different times after intrahippocampal thrombin injection were separated into membrane and cytosolic components and examined by Western blotting. After thrombin treatment, levels of cytosolic NADPH oxidase subunits (p47 phox , p67 phox , and Rac1) were significantly increased in membrane components (Fig.  4 D, E) , indicating translocation and activation of the NADPH oxidase complex.
To further determine the identity of the cell type expressing p67 phox protein in the CA1 layer of the hippocampus, brain sections from animals treated for 12 h with thrombin were simultaneously immunostained for p67 phox and stained for microglia (tomato lectin). Confocal microscopy showed that p67 phox immunoreactivity was localized within activated microglia (Fig. 4 F) .
Oxidative damage to proteins is significantly increased in the hippocampus of AD patients (Hensley et al., 1995; Lyras et al., 1997; Markesbery and Carney, 1999; Castegna et al., 2003) . To examine the extent of thrombin-induced oxidative damage, we analyzed protein carbonyls levels in the hippocampus (Singhal et al., 2002) . The carbonyl levels were assessed by Western blotting, and the band intensities were compared. The level of protein carbonyls was significantly increased in the hippocampus 48 h after intrahippocampal injection of thrombin compared with PBS-injected controls (Fig. 5 A, B) . Next, we assessed NADPH oxidase-related oxidative damage. Pretreatment with an NADPH oxidase inhibitor, DPI (100 M, i.c.v.), significantly reduced the levels of thrombin-induced protein carbonyls in the hippocampus (Fig.  5 A, B) , despite the lack of specificity (Irani et al., 1997; Li and Trush, 1998) and neurotoxicity (Gao et al., 2002) of this inhibitor. In addition, trolox (50 mg/kg, i.p.), an antioxidant, also reduced the levels of thrombin-induced protein carbonyls in the hippocampus (Fig. 5 A, B) , although trolox is well characterized as a lipid peroxidation breaker (Mak and Weglicki, 2004) .
In the separate experiments, basal levels and thrombinenhanced (40 U/ml for 6 h) expression of p67 phox protein were detected in primary cultures of microglia but not astrocytes (Fig.  5C) . Consistent with the in vivo data, pretreatment of cultured microglia with DPI (0.5-5 M) caused a dose-dependent decrease in ROS production as revealed by a reduction of nitroblue tetrazolium (Fig. 5D ). In contrast, DPI (5 M) alone had no effect. These results further confirm that thrombin-induced activation of microglia oxidase could contribute to the production of ROS.
NADPH oxidase contributes to thrombin-induced neurodegeneration in the hippocampus in vivo
We hypothesized that ROS generated by thrombin-induced activation of NADPH oxidase contributed to neuronal cell death in the hippocampus in vivo. To test this hypothesis, we investigated whether DPI or trolox altered the effects of thrombin on hippocampal neurons in vivo. NeuN immunohistochemical analysis showed that pretreatment with DPI (100 M, i.c.v.) (Fig. 6C) or trolox (50 mg/kg, i.p.) (Fig. 6 D) partially protected neurons in the CA1 layer of the hippocampus against thrombin-induced neurotoxicity (Fig. 6 B) (see also Fig. 1) . Based on the percentage of NeuN-immunopositive cells on the ipsilateral versus the contralateral side, DPI and trolox were found to increase the number of NeuN-immunopositive neurons in the CA1 layer of the hippocampus by 28% ( p Ͻ 0.05) and 31% ( p Ͻ 0.05), respectively (Fig. 6 E) . Treatment with DPI or trolox alone, however, did not influence neuronal survival, although DPI was found to be neurotoxic (Gao et al., 2002) .
Discussion
In the present study, we found that intrahippocampal injection of thrombin leads to the upregulation and activation of NADPH oxidase within microglia in vivo. This results in ROS production and subsequent oxidative modification of proteins in the hippocampus. This oxidative stress is prevented by DPI and trolox, leading to an increase in neuronal survival. Collectively, our data demonstrate that oxidative stress originating from NADPH oxidase within activated microglia is associated with thrombin-induced neurodegeneration in the hippocampus in vivo.
Several studies in cultured cells have revealed that thrombin induces the degeneration of hippocampal neurons (Striggow et al., 2000) and spinal motor neurons (Turgeon et al., 1998) . We have shown recently that thrombin is neurotoxic to dopaminergic neurons in mesencephalic cultures (Choi et al., 2003b) . These numerous in vitro findings of thrombin-induced neurotoxicity are further confirmed by the current results showing that intrahippocampal injection of thrombin produces a substantial loss of hippocampal CA1 neurons in vivo, as revealed by NeuN immunostaining and Nissl staining. This is quite similar to our recent finding that intranigral injection of thrombin causes a loss of dopaminergic neurons in the substantia nigra in vivo (Choi et al., 2003a,b) . Interestingly, accumulating data in AD brains also show an increase in thrombin immunoreactivity in neuritic plaques (Akiyama et al., 1992 ) and a decrease in the level of major brain inhibitor protease nexin I (Vaughan et al., 1994; Choi et al., 1995) . In addition, thrombin has been reported to modulate the production of amyloid protein precursor and its cleavage into fragments, which is found in the amyloid plaques of AD brains (Igarashi et al., 1992; Chong et al., 1994) . Collectively, these results indicate that thrombin may contribute to the neuropathological process in AD brains, including the hippocampus. This hypothesis is fully supported by the recent findings that thrombin-induced neurotoxicity in the -derived oxidant production in the CA1 layer of the hippocampus. Animals were injected with hydroethidine (1 g/l, i.p.) 48 h after intrahippocampal injection of thrombin (20 U/4 l). After 15 min, the animals were killed, and sections of hippocampus were prepared for hydroethidine histochemistry to detect the extracellular superoxide. Confocal micrographs show ethidium fluorescence (red) in PBS-injected (top) or thrombininjected (bottom) CA1 region of the hippocampus. Nuclei were counterstained with Hoechst 33258 (blue). B, Western blot analysis showing upregulation of membrane-bound subunit gp91 phox and cytosolic subunits p47 phox and p67 phox in thrombintreated hippocampus. Animals were decapitated after intrahippocampal injection of thrombin (20 U) at the indicated time points, and the hippocampi were isolated immediately from the ipsilateral hemisphere. Untreated (0 h) or PBS-treated (4 h) hippocampus was used as a control. Tissue lysates were analyzed by Western blot analysis with gp91 phox , p47 phox , and p67 phox antibodies. C, Error bars represent the mean Ϯ SEM from four to five samples per time point. *p Ͻ 0.05, **p Ͻ 0.01 compared with control according to ANOVA and Student-Newman-Keuls analyses. D, Translocation of cytosolic subunits (Rac1, p47 phox , and p67 phox ) from the cytosol to the plasma membrane after intrahippocampal injection of thrombin, indicating activation of NADPH oxidase in the hippocampus. Animals were decapitated after intrahippocampal injection of thrombin (20 U) at the indicated time points, and hippocampi were isolated immediately from the ipsilateral hemisphere. Tissue lysates were fractionated and analyzed by immunoblot analysis with p67 phox antibody. The membrane protein calnexin was used to normalize the data. E, Error bars represent the mean Ϯ SEM for four to five samples per time point. The levels of NADPH oxidase subunits in the cytosol and membrane were determined by densitometric scanning of Western blots, and the levels of those subunits in the membrane were expressed as a percentage of the total level of each subunit. *p Ͻ 0.05, **p Ͻ 0.01 compared with control according to ANOVA and Student-Newman-Keuls analyses. F, Localization of p67 phox immunoreactivity in activated microglia within the CA1 region of the hippocampus treated with thrombin. The sections of hippocampus were prepared 12 h after thrombin injection (20 U) and then simultaneously stained with an antibody against p67 phox and a maker for microglia (tomato lectin). Confocal images were captured from the same area and merged. TL, Tomato lectin. Scale bars: A, 100 m; F, 50 m.
tokines, including IL-1␤, IL-6, and TNF-␣, in thrombin-treated hippocampus in vivo.
To our knowledge, the present study is the first to demonstrate that thrombin causes damage to hippocampal neurons through the activation of microglial NADPH oxidase and consequent oxidative stress. Combined with extensive clinical findings and in vivo and in vitro experimental data, the results from this study strongly suggest that thrombin can act as an endogenous neurotoxin and that inhibitors of thrombin or antioxidants can be useful agents for treating oxidative stress-mediated neurodegenerative diseases such as AD. Figure 6 . DPI or trolox prevents thrombin-induced neuronal death in the hippocampus. PBS or thrombin (20 U) was unilaterally injected into the hippocampus in either the absence or presence of the NADPH oxidase inhibitor DPI (100 M, i.c.v.) or the antioxidant trolox (50 mg/kg, i.p.). Animals were killed 7 d after injection. The brains were removed, and coronal sections (40 m) were cut using a sliding microtome. Every sixth serial section was selected and processed for NeuN immunostaining. Shown are images of a hippocampus treated with PBS alone (A), thrombin (B), DPI plus thrombin (C), or trolox plus thrombin (D). Insets show magnified photomicrographs of the area in the CA1 layer marked by dotted rectangles. The results are representative of six to eight animals per group. Scale bar, 1 mm. E, Number of NeuNimmunopositive neurons in the CA1 layer of hippocampi treated with thrombin in either the absence or presence of DPI or trolox. As controls, DPI or trolox alone was injected. Error bars represent the means Ϯ SEM from six to eight samples per group. **p Ͻ 0.01 compared with untreated hippocampi; # p Ͻ 0.05 compared with hippocampi treated with thrombin only (ANOVA and Student-Newman-Keuls analyses).
